The peptide tag GATPQDLNTML, corresponding to amino acids [46][47][48][49][50][51][52][53][54][55][56] 
INTRODUCTION
The introduction of peptide tags genetically fused to a desired protein has revolutionized detection and purification procedures for recombinant proteins expressed in bacterial or eukaryotic hosts (1, 2) . Peptide tags are superior to fusions with complete proteins (e.g., glutathione S-transferase), since usually there is no need for proteolytic removal of the tag.
The most commonly used peptide tag is the addition of six histidines (His 6 ) to either the N or C terminus of the recombinant protein. This His 6 tag binds to metal ion resins such as Ni 2+ -NTA or Ni 2+ -agarose and can be eluted with imidazole (3) . Another affinity tag is the Strep tag, which binds to streptavidin (4) or its derivatives (5) , and can be eluted from a streptavidin column by competing with biotin (6) or biotin derivatives. Many other short peptides such as the myc tag, S-tag and FLAG ® tag are epitopes of monoclonal antibodies (MAbs), in which the general strategy for detection and purification of tagged proteins is the antigen-antibody interaction (2) . However, the harsh elution conditions often needed to elute a tagged protein bound to its antibody can be a disadvantage, although these tags are valuable tools for screening and detecting desired proteins by in situ or Western blot analyses or for enzyme-linked immunosorbent assays (ELISAs) during the purification process.
Recombinantly expressed singlechain antibodies (scFv) contain short peptide linker sequences, covalently connecting at least two different domains [variable heavy (VH) and variable light (VL)] required for their function. In contrast to Fab molecules, this linkage allows monocistronic expression and prevents dissociation of the antibody fragment variable region. The 15-amino acid peptide (Gly 4 Ser) 3 , normally used as the linker, was designed to maintain the molecule's flexibility and solubility as well as the integrity of the antigen-binding site (7) . However, due to its low immunogenicity, there is no specific antibody available for this linker, meaning another tag for scFv detection and purification has to be added, especially if the scFv antigen is not available or too expensive for affinity purification. An additional fusion peptide can be avoided if the linker peptide joining the variable domains of the desired recombinant scFv is derived from the linear epitope sequence of a MAb. The integration of such a tag into the internal region of the genetic construct is only possible if the tag remains freely accessible for both detection and purification in the expressed protein. None of the tags described above have as yet been used in an internal scFv location.
The binding behavior of the11-mer peptide GATPQDLNTML, corresponding to amino acids 46-56 of the human immunodeficiency virus type 1 (HIV-1) capsid protein p24 and representing the linear epitope of the murine MAb CB4-1, has been characterized in depth. This includes affinity constants for wild-type, mutated, and truncated peptide derivatives and the native p24 capsid protein measured by competitive ELISA (8) and the X-ray structure of the wild-type epitope and one of its derivatives complexed with the antibody (9) . Substitutional analysis using peptide libraries on cellulose matrices identified the key epitope positions essential for binding to MAb CB4-1 (8, 10) . Since MAb CB4-1 naturally binds to complete p24, this suggests the MAb can also detect its linear epitope within another protein sequence. We used this comprehensive information about MAb CB4-1 and its epitope to devise a purification and detection system for scFvs that should be eminently applicable for other recombinantly expressed single or fusion proteins. The suitability of this linear 11-mer epitope and two different mutants was analyzed by tagging an anti-α-hemolysin scFv fragment (STL1) at its C terminus or linking its VH and VL domains.
MATERIALS AND METHODS

Antibodies
Murine MAb CB4-1 [subtype immunoglobulin G (IgG) IIa/κ] raised against HIV-1 capsid protein p24 (11) was purified to homogeneity from hybridoma cell culture medium using protein A Sepharose ® affinity chromatography (Amersham Biosciences, Uppsala, Sweden). The human MAb CB STL1 and its Fab fragment binding to α-hemolysin of Staphylococcus aureus were isolated as described earlier (12) .
Linker peptide and affinity tag for detection and purification of single-chain Fv fragments
Genetic Constructs of the scFv
The basic scFv fragment for the human antibody CB STL1 against α-hemolysin was constructed from precloned cDNA of the heavy and light chain (12) by separate asymmetric PCR of VH and VL. This means using different primer concentrations for the 5′ and 3′ termini of VH (50 and 1 pmol, respectively). Similarly, VL amplification employed an antisense primer concentration of 50 pmol and a 5′-end primer solution of 1 pmol. Unless stated otherwise, PCR conditions were 5 min at 95°C, then 25 cycles of 1 min at 95°C, 1 min at 57°C, 30 s at 72°C, and then 5 min at 72°C. The primer for the 3′ end of VH was extended to cover the first 10 of the 15 linker amino acids, and the 5′ end of VL was extended by the primer to cover the last 10 amino acids of the linker peptide, thus generating an overlapping hybridization region of 15 nucleotides between the two single strands. After purification of the predominantly single-stranded DNA fragments (PCR purification kit; Qiagen, Hilden, Germany), the asymmetric PCR products were joined by overlapping extension PCR, resulting in the scFv containing the desired linker sequence [either the (Gly 4 Ser) 3 linker or the different p24 peptides] between VH and VL. For this PCR, 5 μL each of purified VH and VL template were joined without addition of primers by cycling seven times: 30 s at 95°C, 1 min at 50°C, and 30 s at 72°C. After the addition of 50 pmol each of the sense primer for VH and the antisense primer for VL at 95°C, cycling was continued 25 times: 1 min at 95°C, 1 min at 50°C, 1 min at 72°C, and finally 5 min at 72°C. A third PCR introduced the restriction sites SfiI and NdeI, the Cterminal tag if desired, and amplified the scFv product. A 20:1 mixture of Taq DNA polymerase (Invitek GmbH, Berlin, Germany) and Pfu DNA polymerase units (Stratagene, La Jolla, CA, USA) was used for all PCRs. The digested and purified fragments were cloned into the tetracycline-regulated promoter vector pGP S100 via the two different SfiI (C-terminal tagged scFvs) or SfiI and NdeI (Roche Diagnostics, Mannheim, Germany) restriction sites. The pGP S100 vector (13) contains a pel B leader sequence for directing the protein to the periplasmic space and allows the addition of a His 6 and modified myc tag. For the constructs with the C-terminal p24 tags, the vector-encoded expression of myc and His 6 tag were suppressed by an additional stop codon. The different scFv constructs of STL1 are summarized in Figure 1 .
The recombinant plasmids were transformed by electroporation into either TG 1 or XL 1 blue Escherichia coli cells. Positive clones were selected by Western blot analysis of total lysates [from 5-mL cultures in 2× TY medium containing 100 μg/mL ampicillin, induced by 0.2 μg/mL anhydrotetracycline (IBA GmbH, Göttingen, Germany)] using MAb CB4-1 to detect p24 tag after 3 h of expression at 25°C.
Purification of the scFv Fragments
One liter of cells grown exponentially at 37°C up to an A 600nm = 0.5 in 2× TY medium with ampicillin was induced as above, and recombinant protein was expressed for 3 h at 25°C. The periplasm was extracted as described by Skerra (14) and dialyzed against 50 mM Tris-HCl, pH 8.0, 150 mM NaCl. The protein solution was repeatedly pumped overnight through a column filled with BrCN-Sepharose 4B (Amersham Biosciences) coupled with MAb CB4-1 (3 mg/mL gel) according to the manufacturer's protocol. The column was prewashed with 0.2 M glycine buffer, pH 5.0, containing 0.2 M NaCl. Bound scFv was eluted from the CB4-1 column by a gradient of pH 4.0-2.0, using the corresponding 0.2 M glycine buffers with 0.2 M NaCl. Eluted scFvs were dialyzed against 20 mM NH 4 HCO 3 and lyophilized. The purity of the products was checked by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot analysis. The proteins electrotransferred onto a polyvinylidene fluoride (PVDF) membrane (Immobilon ® -P; Millipore, Bedford, MA, USA) were detected by CB4-1 MAb [1 μg/ mL in TBST-buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Tween ® 20) with 5% denatured gelatin] combined with anti-mouse IgG (Fcγ-specific) horseradish peroxidase (ΗRP)-conjugate (1:500, v/v; Sigma-Aldrich
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Chemie GmbH, Steinheim, Germany). The blots were incubated for 90 min at 25°C, washed three times with TBST, and the color was developed with precipitating 3,3′,5,5′-tetramethylbenzidine (TMB) blue (Seramun Diagnostica GmbH, Dolgenbrodt, Germany).
Determination of Dissociation Constants
The affinity of MAb CB4-1 to the different p24 peptides, either as C-terminal tags, as linker peptides, or free in solution, was determined by competitive ELISA as follows: 50 μL containing 0.4 μg/mL of purified recombinant p24 protein in 100 mM Na 2 CO 3 were used to coat microplates (Nunc GmbH & Co. KG, Wiesbaden, Germany). K D measurement according to Friguet (15) used a dilution series in TBST containing 10% (v/v) Roti ® -Block (Carl Roth GmbH & Co, Karlsruhe, Germany) starting with 1 × 10 -6 M purified scFvs or freely synthesized peptides. Fifty microliters of purified Fab CB4-1 (2 μg/mL) were added to 50 μL of the diluted scFv or peptides, and the plates were incubated for 90 min at 25°C. The plates were washed three times with TBST and filled with 50 μL anti-mouse IgG HRP-conjugate (Amersham Biosciences) in TBST with Roti-Block as described above. The plates were incubated for 60 min at 25°C, washed three times with TBST, and the color was developed with TMB blue. To measure the affinity of scFv STL1 to its antigen, 50 μL of purified α-hemolysin in phosphate-buffered saline (PBS) (2 μg/mL) were coated onto MaxiSorp™ microplates (Nunc GmbH & Co. KG), and the competing soluble α-hemolysin dilution series (in TBST with 10% Roti-Block) was also started with 1 × 10 -6 M. The competition reaction assay containing scFv, Fab, or MAb STL1 in suitable concentrations was incubated for 90 min at 25°C in TBST containing 10% (v/v) Roti-Block and washed three times with TBST. Bound MAb or Fab were detected with 1 μg/mL antihuman IgG HRP-conjugate (Seramun Diagnostica GmbH, Dolgenbrodt, Germany), incubated for 90 min at 25°C, and blocked with the same buffer as before. After three washing steps, the color was developed with TMB blue, the reaction being stopped after 10 min by 1 M H 2 SO 4 . The scFv fragments containing the p24 tag or linker were measured with MAb CB4-1 and anti-mouse IgG (Fcγ-specific) HRP-conjugate as described above. The dissociation constants of the CB4-1 antibody were calculated using linearization of the binding curve as described by Friguet (14) , whereas the affinity of the scFvs, the mAb, and the Fab fragment to their antigens was calculated by direct fit to the binding curve using the Origin ® 7.0 program (OriginLab, Northampton, MA, USA) and statistical analysis of at least 10 independent measurements.
RESULTS
To evaluate whether the linear anti-CB4-1 epitope can be used as an affinity tag for recombinant proteins, the wild type 11-mer peptide sequence GAT-PQDLNTML and two mutants (GAT-PQDLNTM; GATGQDLNTML) with lower affinities (8) were introduced at the C terminus and as a linker between the structurally well separated domains of the scFv protein STL1. Three different C termini were designed for scFv STL1 containing: (i) a cleavage site for factor Xa upstream of the original p24 tag (STL1Xa-p24 tag, Figure 1A) ; (ii) a cleavage site for thrombin and a truncated C-terminal p24 tag with the final amino acid leucine deleted (STL1Thro-t-p24 tag, Figure 1B) ; and (iii) the same thrombin site and a p24 tag with the substitution of proline to glycine at residue 4 of the tag (STL1Thro-mp24 tag, Figure 1C) . As a linker, both the wild-type CB4-1 epitope peptide (scFv STL1-linkp24, Figure 1D ) and the proline to glycine mutant peptide (STL1-m-linkp24, Figure 1E ) were inserted between the STL1 VH and VL domains. The wild-type and mutated 11-mer tags were flanked at both N and C termini by two glycines to enhance flexibility and maintain the 15-amino acid length of the peptide linker.
All STL1 scFv genetic constructs could be expressed in E. coli, yielding 100-500 μg purified protein/L cell culture. Western blot analysis using MAb CB4-1 showed high sensitivity, with as little as 2.2 ng of C-terminal p24-tagged protein clearly visible, and similar sensitivities if the p24 tag is located between the scFv VH and VL protein domains (Figure 2, A and B) . Figure 3 shows the SDS-PAGE and Western blot analysis of p24-tagged scFv STL1 expression in total lysates and the periplasm. The specificity of MAb CB4-1 to the epitope sequence is very high. The specific band in Western blot analyses of scFv in total cell lysates appeared after only 3 h of induced expression. In the total lysate, both the processed protein and protein still containing the pel B leader peptide were specifically detected, whereas the periplasmic fraction showed only the processed scFv. Control blots with secondary anti-mouse Fcγ-HRP alone (data not shown) or noninduced total lysates (Figure 3 ) revealed no bands.
To verify p24 tag detection quantitatively, we determined the affinity of the different constructs to MAb CB4-1 (Table 1) . Free peptides of the different p24 tag variants served as positive controls. Whereas the wild-type epitope had a dissociation constant of K D = 2 × 10 -8 M, binding of the truncated peptide t-p24 (lacking leucine at the C terminus) was about 20-fold weaker (K D = 4 × 10 -7 M), and the mutated peptide m containing glycine instead of proline at position 4 showed two orders of magnitude lower affinity (K D = 2.7 × 10 -6 M). The K D values for the proteins containing the different p24 tags at the C terminus coincided very well with those for the free peptides (Table  1) . Apparently, different amino acids upstream of the p24 tag did not influence CB4-1 binding. Lower affinities of the shortened and mutated p24 tag were also reflected in the tagged proteins. When the p24 tag was located between the two larger protein domains VH and VL, affinity decreased by one order of magnitude (1.7 × 10 -7 M) ( Table 1) . Interestingly, in this case the mutated p24 linker peptide retained the same affinity as the original p24 linker. This is in contrast to (denaturing) Western blot analyses where both STL1 scFvs containing the mutated tag, either at the C terminus or as a linker between VH and VL, showed significantly weaker bands than the equally intense scFv bands with the wild-type p24 C terminus tag and wild-type p24 linker peptide (Figure 2B) .
Affinities for the antigen α-hemolysin were determined for scFv fragments linked by the p24 peptide and an scFv containing the normal (Gly 4 Ser) 3 linker plus wild-type p24 epitope at the C terminus (Table 2) . K D values for STL1 MAb and Fab with α-hemolysin are also shown for comparison. Compared to the Fab fragment, the p24 linker seemed to have no influence on the scFvs' affinity to the antigen. However, MAb STL1 and the derived scFv containing the (Gly 4 Ser) 3 linker showed a higher affinity, by one order of magnitude, than the Fab or scFvs linked by the p24 epitope.
The suitability of the p24 tag for purification by affinity chromatography using CB4-1 antibody coupled to a solid support was investigated for the different recombinant proteins. Expression levels and purified protein yields were similar for all constructs (100-500 μg/L cell culture). The STL1 scFv containing the wild-type p24 tag at the C terminus only eluted at pH 2.0, whereas both the truncated and mutated p24 tags allowed scFv elution between PROTEOMIC TECHNOLOGIES pH 3.5 to 3.0. The two scFv variants linked with either wild-type or mutated p24 sequence could be eluted at pH 3.5, and a second rigorous washing of the column at pH 2.0 did not elute further protein (data not shown). This result correlates with the dissociation constants given in Table 2 . The yield of purified protein was in the range of 500 μg/L cell culture independent of the p24 peptide location within the sequence.
DISCUSSION
The p24 affinity tag together with the anti-p24 (HIV-1) monoclonal antibody CB4-1 highlights a new system for sensitive detection and simple purification of recombinant proteins, particularly scFvs. One advantage is that the p24 epitope can be used at both terminal and internal locations, as a protein tag or protein domain linker, without loss of functionality. Furthermore, MAb CB4-1 reacts highly specifically with its epitope and shows no unspecific reactivity with other proteins in total E. coli lysates. It is very important in detection and purification applications to maintain a balance between high sensitivity and specificity desirable for detection yet lower affinity and therefore simpler elution for purification.
The widely used His 6 tag (16) is well suited for purification purposes since elution by imidazole is a very mild treatment. Moreover, Ni 2+ -NTA binding and elution of recombinant proteins is possible under denaturing conditions. The His 6 tag also shows appropriate affinity to both Ni 2+ or Co 2+ complexes, and anti-His monoclonal or polyclonal antibodies are commercially available for detection in Western blot analysis. However, false positive bands are detected, and E. coli-specific proteins with histidine-rich stretches can also co-purify with the desired protein [e.g., FK506-binding protein (FKBP) (17) or FKBPtype peptidyl-prolyl-cis-trans isomerase SlyD (sensitivity to lysis) from E. coli (our unpublished observations)]. Substituting Ni 2+ by Co 2+ in affinity columns seems to improve binding specificity to the column (18) . The tag can be added at a protein's C or N terminus. A recent report also describes protein purification using internal His 6 -tagged constructs (19) . The Strep tag II/Strep-Tactin ® system (IBA GmbH) (5) also has advantages with respect to purification-the option of adding the Free peptide m (GATGQDLNTnL) c 2.7 × 10 -6
The bolded G indicates the mutation of this amino acid in the peptide. Xa, cleavage site for protease factor Xa; Thro, cleavage site for protease thrombin; t-p24 tag, truncated p24 tag; m-p24 tag, mutated p24 tag (P 4 →G 4 ); linkp24, p24 peptide located between variable heavy (VH) and variable light (VL) of the single-chain antibody (scFv); m-linkp24, mutated p24 peptide located between VH and VL of the scFv; K D , dissociation constant. a The letters in parenthesis refer to the constructs illustrated in the corresponding panels in Figure 1 . b Measurements were repeated at least three times, the error range for the values did not exceed 60%. c Norleucine was used instead of leucine in freely synthesized peptides due to its higher chemical stability in solution. This substitution had no influence on the K D values (16). (22) . This tag is also suitable for both detection and purification, but seems to be rather susceptible to proteolytic degradation during longtime storage of recombinant tagged protein (our unpublished observations). Furthermore, Western blot analysis of some proteins with this tag may result in either quantitatively less protein than expected or none at all, despite its presence confirmed by other methods (23) . This indicates that free accessibility of the epitope tag may be a problem, even if the protein is denatured. Another antibody epitope, the FLAG tag can be added at both N-and C-terminal amino acids of a protein, but the corresponding MAb M1 binds the peptide in a calcium-dependent manner (24) . In comparison with these antibodyderived tags, the p24 tag has about 10-fold higher affinity to its antibody CB4-1, as confirmed by both K D measurements of different scFvs containing this tag and sensitivity comparisons in corresponding Western blot analyses. This high affinity is very useful for detection and screening procedures, but may hamper purification procedures. One solution is to modify the p24 tag/CB4-1 system for purification purposes by mutating the p24 tag if it is added to the C terminus. Detection affinity remains comparable to the myc tag, but elution from the column can be performed at a less problematic pH for the native conformation of the purified protein. Adjacent recombinant protein sequences or flanking amino acids introduced as protease cleavage sites do not influence the functionality of the tag nor hinder its accessibility. This is in contrast to the myc tag, in which differences in its accessibility can depend on the adjacent amino acids (25) . The p24 epitope peptide can also be used in internal protein regions, which may be a problem with other tag systems. For example, the myc tag was shown to be much less sensitive to detection if integrated as a linker into a fusion protein (our unpublished results). The Strep tag was used to link mutated calin proteins with different fusion partners and to detect and purify the recombinant proteins (26) . To our knowledge, no internal integration of FLAG tag has been reported.
Internal tag integration is very useful for linking the two variable domains derived from monoclonal antibodies, because covalently linked VH and VL domains are more stable than Fv fragments (27) . The commonly used scFv linker peptide is (Gly 4 Ser) 3 (7) due to its high flexibility, but because of its low immunogenicity, there is no specific antibody available for this linker. To use a linker sequence for scFv detection or affinity purification requires a MAb binding to the linker with high affinity. It has been reported that individual linkers could be used for scFv detection by MAbs, but the recombinant proteins were not purified using the linker peptide (28, 29) . Our p24 tag with its high affinity to MAb CB4-1 is suitable for scFv detection and purification procedures, both in terminal and internal positions, with expressed soluble scFv translocated into the periplasm. The purification yields (100-500 μg/L E. coli cell culture) for all scFv STL1 constructs seem to be acceptable for scFvs in highly purified form. This was confirmed by the expression and purification of another scFv (1F9) binding to turkey egg-white lysozyme. Here, the same genetic constructs as for STL1 (C-terminal tag and wild-type or mutated linker) were expressed and purified, including affinity chromatography using the native antigen turkey egg-white lysozyme coupled to the column. Independently of the procedure, purification yielded about 500 μg of active scFv/L cell culture (data not shown). Nevertheless, the suitability of this linker should be analyzed for each individual antibody to ensure that antigen affinity is maintained. The two STL1 scFvs linked by the p24 peptide variants show affinities to their antigen with the same order of magnitude as the corresponding Fab fragment. Thus, a change in the p24 linker sequence obviously has no influence on the basic affinity in PROTEOMIC TECHNOLOGIES this case. The scFv STL1 containing the (Gly 4 Ser) 3 linker shows 10-fold higher affinity to α-hemolysin than the Fab fragment or p24-linked scFvs. Its K D value is comparable to the parental MAb, as should be expected if a competitive ELISA is used for K D determination. The reason for the differences in affinities of the MAb and Fab remains unclear. Comparison of the wild-type p24 peptide as a C-terminal tag and as a scFv linker shows a 10-fold difference in the dissociation constant K D with the detection antibody CB4-1, but Western blot analysis sensitivity remains unchanged. Probably, scFv unfolding in the SDS gel makes the linker more accessible to the antibody. This is a handling advantage for the scFv linked by the wild-type p24 epitope peptide. The elution pH can be shifted to 3.5, but the detection sensitivity in Western blot analysis remains unchanged. Thus, the p24 tag is a versatile tool that can be fine-tuned for optimal performance depending on the individual recombinant protein to be detected or purified.
